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TWO COLOR QUANTUM WELL FOCAL PLANE ARRAYS 
Titegpresent application is related to Application Serial No. 



(Attorney Docicfet.No. 017750-410), entitled "Three Color Quantum Well Focal Plane 

NQ> Arrays", Application'S^rial No. (Attorney Docket No. 017750- 

5 442), entitled "Prograixuna^tesHyper-Spectral Infrared Focal Plane Array, " Application 

Serial No. (Attorney Docket No. 017750-444), entitled 

"Remote Temperature Sensing Long Wetvdength Modulated Focal Plane Array, 

* Application Serial No. (Attol^y Docket No. 017750-443), entitled 

"Clutter Discriminating Focal Plane Array," and Aj^lkation Serial No. 

10 (Attorney Docket No. 017750-447), entitled "Large Dynamic Range 

Focal Plane Array," all filed on even data herewith. The disclosures of the above 
^ identified Patent Applications are herein incorporated by reference. 

S BACKGROUND OF THE INVENTION 

;1 1. Field of the Invention 

1 5 The present invention is directed generally to quantum well infrared photodetector 

focal plane arrays (QWIP FPA's) and, more particularly, to QWIP FPAs that are capable 
of multicolor detection. 
2. Background Information 

Multicolor infrared detection capability has wide applicability to a number of 
20 different applications including aerospace, medical, surveying, mining, and agriculture. 
For example, multicolor infrared detection can provide useful information during 
geographical surveys. Detection in at least two infrared (IR) spectral bands could permit 
differentiation between man-made structures and natural landscape in a geographical 
survey. Additionally, in medical applications, multi-color detection would permit 
25 improved thermal imaging of the human body for diagnostic purposes. 

Multicolor infrared detection has been conventionally performed using a wide- 
band IR detector and an associated rotating mechanical multicolor filter wheel. The wide- 
band IR detector detects a broad range of incident wavelengths. The rotating filter wheel 
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selects the desired wavelength that is to be passed to the wide-band detector. An 
exemplary mechanical color filter wheel system is disclosed in U.S. Patent No. 5,300,780. 
Mechanical color wheel systems, however, suffer from a number of deficiencies in 
multicolor detection. Such systems generally are slow and bulky, require large amounts 
of power for operation, and have a limited life span. Additionally, color wheel systems 
tend to have poor photon collection efficiency. 

To alleviate some of the known deficiencies of mechanical color filter wheel 
systems, quantum well photodetectors have been constructed that permit the detection of 
more than one spectral band. Such detectors are described, for example, in U.S. Patent 
Nos. 5,013,918, 5,198,659, and 5,384,469. These patents generally disclose the use of a 
plurality of quantum well sets within a single detector where the frequency response 
characteristics of each quantum well in the set is tailored by adjusting the well depths. 
The detectors in these patents are designed for use with a single bias voltage that is 
applied across all the quantum wells of the set. Thus, each quantum well that is "tuned" 
to a specific frequency band can not have its bias adjusted independent of any other 
"tuned" quantum well in the set. The output voltage responses for each of the "colors" in 
the detector will therefore be nonuniform for any given background photon flux. In 
addition, the detectors of these patents provide only a single detected output signal 
composed of multi-spectral frequency components. Extraction of different frequency 
bands from the single output therefore requires additional filtering. 

Accordingly, there exists a need in the art for a quantum well photodetector that 
has multi-color capability but which can also provide independent bias adjustment for 
each color and which can independently and simultaneously process the outputs of each of 
the colors of the detector. 

SUMMARY OF THE TNVFNTTON 

Exemplary embodiments of the present invention use a vertically stacked 
quantum well infrared detector where each "tuned" quantum well of the detector can be 
biased separately from any other quantum well of the detector. The vertically stacked 
detector can include two quantum well layers that are "tuned" to different peak 
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wavelengths to permit detection of infrared radiation of two different bands or colors. 
Simultaneous detection in two spectral bands permits the determination of more 
information about an infrared source. 

The present invention is directed to a photodetector comprising: a first quantum 
5 well layer; a second quantum well layer, wherein said first quantum well layer is formed 
atop said second quantum well layer; and means for independently biasing said first and 
second quantum well layers. The present invention is additionally directed to a method of 
fabricating such a photodetector. 

The present invention is also directed to a photodetector comprising: first means 
10 responsive to impinging energy of a first spectral band; and second means responsive to 
impinging energy of a second spectral band, wherein said impinging energy of said 
second spectral band first passes through said first means before reaching said second 
means, and further wherein said first means provides a first quantity of moving charges to 
a first output of said photodetector and said second means provides a second quantity of 
1 5 moving charges to a second output of said photodetector. 

Exemplary embodiments of the present invention are also directed to a circuit for 
varying the integration time of moving charges from a photodetector comprising: a first 
charge well for receiving moving charges from a photodetector; at least one additional 
charge well; and means for selectively switching said at least one additional charge well 
20 in parallel with said first charge well to vary the integration time of said moving charges. 

The present invention is further directed to a method of varying the integration 
time of moving charges from a photodetector comprising the steps of: supplying moving 
charges from a photodetector to an integration capacitance; and selectively varying said 
integration capacitance to vary the integration time of said moving charges. 
25 BRIEF DESCRIPTION OF THE DRAWINGS 

Other objects and advantages of the invention will be apparent to those skilled in 
the art reading the following detailed description of the preferred embodiments in 
conjunction with the drawings in which like reference numbers have been used to indicate 
like elements and wherein: 
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FIG. 1 is a structural diagram of a two color quantum well detector in accordance 
with an exemplary embodiment of the present invention; and 

FIG. 2 is a schematic of the readout circuit in accordance with an exemplary 
embodiment of the invention. 
5 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Multicolor detection in exemplary embodiments of the invention is achieved by 
adjusting depths of the one or more quantum wells associated with each spectral band of a 
detector. Based on well known physical principles, the vertical depth of the one or more 
quantum wells comprising a photosensitive layer of a detector determines the energy 
10 required from impinging photons to permit carriers in the well to escape for conduction. 
The vertical depth of each quantum well thus determines the spectral response of the 
photosensitive layer to radiation in the form of impinging photons of various wavelengths. 
The allowed energy states in a quantum well are: 

15 E joules Eqn. (1) 

" 8m/ 2 

where h is Planck's constant=6.626*10" 34 joule*seconds 
m is the effective mass of the carrier 
n is an integer n=l, 2, 3... 
20 E n is the energy of a given band in Joules 

/ is the depth of the quantum well in meters. 

For a carrier to move between the valence band (w=l) and the conduction band 
(w=2), the following energy E u is required to free the carrier from the valence band: 



25 



E -E ~ h (2 1 } - 3h joules Eqn. (2) 

The energy required to free the carrier from the valence band to the conduction band (E } 2 ) 
is alternatively called the energy gap, E r The energy given up by an impinging photon 
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must be equal to or larger than the energy gap (E g ). Photon energy (E p ) is related to the 
wavelength of the photon by the following: 

he 

E p =— joules Eqn. (3) 

K p 

where h is Planck's constant =:: 6.626*10" 34 Joule*seconds 

c is the velocity of light - 3*10 8 meters/second (in a vacuum) 
X p is the peak wavelength corresponding to the middle of the band in 
meters. 

By setting the photon energy (Ep) equal to the energy gap (E g ) between the bands, the 
relationship of the well depth to the peak wavelength needed to free carriers is 
demonstrated: 

15 K ^^J meters Eqn. (4) 

p 3h 

Equation 4 is based on a general model, and those skilled in the art will recognize 
that other factors can influence the proportionality constant between wavelength and well 
depth. However, the peak wavelength can generally be considered proportional to the well 
20 depth: 

0 meters Eqn. (5) 

p o 

where a Q is a proportionality constant 
Thus, as is apparent from Equation 5, the spectral response of a quantum well layer can be 
25 "tuned" to the desired peak wavelength by adjusting the depths of the one or more wells 
comprising the layer. 

Figure 1 illustrates an exemplary embodiment of a dual color detector in 
accordance with the invention where two vertically stacked quantum wells have been 
'tuned" to different spectral bands or "colors" by adjustment of the depths of the quantum 
30 wells comprising each photosensitive layer of the detector. This dual color detector is 
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formed using a first means responsive to impinging energy, or radiation, of a first spectral 
band, represented in the Figure 1 embodiment as quantum well layer 100. Quantum well 
layer 100, comprising one or more quantum wells of a first depth, is layered over a second 
means responsive to impinging energy, or radiation, of a second spectral band, 
5 represented in the Figure 1 embodiment as second quantum well layer 105. Second 

quantum well layer 105 further comprises one or more quantum wells of a second depth. 
The first means is formed adjacent the second means such that impinging energy in the 

p second spectral band first passes through the first means before reaching the second 

S means. 

CP 10 Using known molecular beam epitaxy (MBE) techniques, the layers of the detector 

hi can be fabricated using the following exemplary process. First, an etch stop layer 110 is 

r: formed using a material such as AlGaAs, for example, and then a first contact layer 115, 

doped to a first conductivity ,is formed upon a surface of the etch stop layer 110. Next, a 
y3 first quantum well layer 105 comprising one or more quantum wells of a depth 

7, 'i 

yi 15 corresponding to a first desired peak wavelength is formed over the first doped contact 
y layer 115. A second contact layer 120, doped to a second conductivity, is next formed 

over the first quantum well layer 105. A second quantum well layer 100, comprising one 
or more quantum wells of a depth corresponding to a second desired peak wavelength, is 
then formed over the second doped contact layer 120, followed by a third contact layer 
20 125, doped to a third conductivity. The formation of each layer of the detector can be 
performed using any conventional techniques appropriate for the layer being established 
including, but not limited to, growth or deposition techniques. 

Quantum well layers 100 and 105 can include multiple sublayers composed of 
alternating barrier sublayers and quantum well sublayers such as, for example, 20-period 
25 GaAs/A^Ga^s multi-quantum well stacks with the GaAs well depths and Al 

compositions adjusted to yield the desired peaks and spectral widths. One skilled in the 
art will recognize, however, that other multi-quantum well stacks can be used such as, for 
example, those disclosed in U.S. Patent No. 5,539,206 to Schimert, the disclosure of 
which is incorporated by reference herein. Furthermore, first contact layer 115, and 
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contact layers 120 and 125 can be composed of doped GaAs (e.g., «+ GaAs), for 
example, though one skilled in the art will recognize that other suitable contact layer 
materials can be used. One skilled in the art will further recognize that various doping 
concentrations for the quantum wells and contact layers can be used in the present 
5 invention such as, for example, the doping concentrations disclosed in the above- 
identified U.S. Patent to Schimert. 

Referring to Figure 1, the electrical connection for interfacing between the 
detector structure and the read out integrated circuit (ROIC) (not shown) of one 
exemplary embodiment can be seen. As illustrated in the Figure, an electrical contact 130 

10 is connected to the second contact layer 120 for connection to the common bias voltage 
(DETCOM) of the Read Out Integrated Circuit (ROIC). Electrical contacts 135 and 140 
are further connected to contact layers 125 and 120, respectively, for connection to 
individual detector bias voltages supplied by the ROIC. The difference between the 
common bias voltage and the individual bias voltages supplied by the ROIC to each of the 

15 electrical contacts 135 and 140 establishes different bias voltages across each of the 

quantum well layers 100 and 105 of the detector. Electrical contacts 135 and 140, each 
being associated with a different one of the quantum well layers 100 and 105, thus 
provide means for biasing each band independently in conjunction with the individual 
detector bias voltages supplied by the ROIC. During operation, electrical contacts 135 

20 and 140 additionally constitute outputs of the detector which supply photocurrent from 
each quantum well to the ROIC circuitry associated with each vertically stacked detector. 
Electrical contacts 130, 135, and 140 can be, for example, composed of Indium "bumps," 
or as any conventional contact known to those skilled in the art. 

In an alternate exemplary embodiment, the two quantum well layers 100 and 105 

25 are grown to produce long-wave spectral responses. The one or more quantum wells of 
first quantum well layer 105 are each grown to a specified depth to produce a desired peak 
spectral response (for example, a response at 8.6|im) and the one or more quantum wells 
of the second quantum well layer 100 are each grown to produce a different peak spectral 
response (for example, a response at 1 1 .2(im). Each quantum well layer can be composed 
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of, for example, a 20-period GaAs/AlxGa^xAs multi-quantum well stack with the GaAs 
well depths and the Al compositions adjusted to yield the desired peak and spectral width. 
The barriers of the quantum wells comprise compositions of predetermined thicknesses to 
provide sufficient isolation of each quantum well from adjacent quantum wells (for 
5 example, -550-600A thick undoped AlGaAs). The GaAs wells are further doped with Si, 
for example, to provide ground state electrons. The first quantum well layer 105 is 
stacked on top of the second quantum well layer 100, with an ohmic contact layer 120 of 
doped material (for example, doped GaAs) separating the two. An ohmic contact layer 
115 of doped Gas below the second quantum well layer 105 and another doped GaAs 

10 ohmic contact layer above the first quantum well layer 100 complete the detector 

structure. An etch stop layer 110, comprising, for example, two AlGaAs etch stop layers 
(not shown) separated by an isolation layer of undoped GaAs (not shown), is formed 
beneath the dual quantum well structure. 

The GaAs/AlGaAs materials described above permit the realization of quantum 

1 5 wells with peak wavelengths longer than approximately 6.5|im. Other exemplary 
embodiments may use different material systems to provide shorter or longer peak 
wavelengths. For example, using strained InGaAs in the quantum wells allows peak 
wavelengths as short as approximately 4.5 |im. Wavelengths shorter than approximately 
4|im can further be achieved using the lattice-matched InGaAs/InAlAs/InP material 

20 system. 

A read out circuit of an exemplary embodiment of the invention is illustrated in 
Figure 2. This circuit performs a number of advantageous functions in the photon 
detection and read out process. One function performed is integration of the detector 
output for the duration of the next image frame while the current image frame is being 
25 "read" at the output of the read out circuit. Every collected signal photon in the 
detector is precious when an infrared source is at a great distance, and thus, by 
integrating over the full frame time, the maximum number of electrons is collected. 
Referring to Figure 2, integration of the quantum well output for the each image frame 
is performed by charge well capacitances C wl 200, C w2 205, and reset voltage RST 210. 
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Application and removal of RST voltage 210 permits the charge well capacitances to 
charge and discharge the electrons from the quantum well 215, thus integrating the 
quantum well output. The integrated output of the quantum well is then selectively 
applied to the subsequent sample and hold circuitry by sample switching voltage SMP 

5 220. Storage capacitor C h 225 stores the integrated output of the quantum well so as to 
provide the read out for the current image frame at Out l 2 230. The dump, ramp, and 
sample process performed by the Reset voltage RST 210, the charge wells C wl 200 and 
C w2 205, the quantum well detector resistance 215, and the storage capacitance C h 225 
emulates an ideal noise filter if the charge well and storage capacitor sizes are properly 

10 selected. A signal to noise improvement equal to the square root of three is available 
with this technique. 

The integration process discussed above also performs a second advantageous 
function - a "non-destructive" read. A "non-destructive" read occurs because the 
electron charge stored in the storage capacitor C h 225 is not removed until electrically 
15 connected in parallel with the charge well C wl 200 and 205. When the sample SMP 
voltage 220 is applied at the gate of M5 235, the electrical connection between the 
charge well and the storage capacitor is made and "charge sharing" occurs. This 
"charge sharing" produces a very mild image smoothing effect. 

^tibird advantageous function performed by the exemplary read out circuit of 
Figure 2 is tSeinoprovement of the gain and dynamic range of the read out circuit 
through the use of twcrc^arge wells. At long ranges with faint targets, the number of 
volts per electron becomes afcigirificant factor and signal to noise ratios thus become 
critical. As a hot target gets closer>ttie need changes from the need for maximizing the 
noise to avoiding saturation due to the ve^y^arge number of target electrons rapidly 
25 filling the charge well. The exemplary read outxircuit of Fig. 2 solves this problem by 



augmenting the integration time through a change in Jh^charge well capacitance. This 



is illustrated in Figure 4 by the use of the two charge welfbapacitances C wl 200 and C w2 
205. Application of a gain switching voltage GN 240 switchesli^the smaller charge 
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\D well capacitance 205 to add another; twenty decibels of dynamic range to the 

r 0 system's performance. A high total dynamtesc^nge performance of 128 decibels can 

thus be realized (68 dB small well, 40 dB integratiolKtime modulation, and 20 dB well 
change). 

5 A fourth advantageous function of the read out circuit is the balancing of the 

output voltage response for each of the colors through the use of independent bias 
adjustment. Balance is achieved by allowing independent bias adjustment for each 
color, thus permitting a uniform output voltage response for each of the colors for any 
given background photon flux. This adjustment is shown in Figure 2, as the BIAS input 
21 10 245. 

yj An additional advantageous function of the read out circuit is the removal of 

2 distortions in low level signals, due to current flowing in the ground reference, by the 

use of full difference mode outputs. Most power supply noise, ground noise, and 
# induced pickup occurs as common mode noise. The use of difference amplifiers allows 

lI 15 these signals to be removed by subtraction. Difference amplifiers are well known in the 
art and thus have been omitted from the circuitry depicted in Figure 2. 

Another advantageous function of the read out circuit is the elimination of 
electronic ctoss coupling. Electronic cross coupling can be avoided by having each 
color of the detector use its own time division multiplexer and output port. Since most 
electronic cross talk in ti^ne division multiplexers is capacitive, use of very low driving 
point impedance in the line ancj^olumn process is important in holding down the 
temporal-spectral cross talk. Thisls^particularly imperative in high speed applications 
with wide dynamic range requirements^ ^hese characteristics can be achieved, as 
shown in Figure 4, through the use of the duSkFET M7 250 and push/pull operational 
25 amplifier 255. The dual FETs 250 open or close Bassed on time division multiplexing 

voltages LINE 260 or COLUMN 265. The LINE 260 voltage is used to access a line of 
cells in the focal plane array and the COLUMN 265 voltag^accesses a column of cells 
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The driving point impedance is further set by the resi&tor Rq 270. 

In an additional exemplary embodiment of the invention, higher density focal 
plane arrays may be produced by removing the charge wells from the ROIC and 
10 fabricating the charge wells within the detector structure itself. The smaller pitch 

required of higher density arrays limits the usable area available for the charge wells in 
the ROIC underlying the detector structure. By fabricating the charge wells integrally 
to the detector itself, less space is required in the underlying ROIC and therefore higher 
densities can be achieved in the array. The technique of using integral charge wells is 
15 disclosed in U.S. Patent Application No. 09/149,483, entitled "Integral Charge Well 
for QWIP FPA's," the disclosure of which is herein incorporated by reference. 

Optical coupling, in accordance with exemplary embodiments of the invention, 
can be achieved using a number of different techniques. Principles of quantum selection 
require that incident electromagnetic fields propagate in the horizontal plane of the 
20 quantum well. The incident flux must therefore be reflected inside the quantum well at an 
angle such that the flux passes through the material many times. In one exemplary 
embodiment, a rotated waffle diffraction grating is used, where the width of the waffle 
corresponds to one wavelength, the length of the waffle to another, and the diagonal to a 
third wavelength. The waffle grating, combined with a top side grating and side wall 
25 reflecting mirrors, constitute the optimum "photon in a box" quantum well detector 

optical system. Additionally, the waffle grating can be enhanced with a flux entry side 
anti-reflective coating composed of, for example, a quarter wavelength dielectric material. 
In addition to the waffle grating, one skilled in the art will recognize that a number of 
different techniques can be used for achieving optical coupling in the present invention. 
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Such techniques include use of random gratings, reflectors, resonance structures, and so 
forth. 

One skilled in the art will recognize that multiple stacks of the two-color detector 
of the present invention can be used in a focal plane array for multi-color detection. 
Multi-color detection can be achieved by formation of multiple stacks of two layer 
quantum wells on a common substrate, with the depths of each well 'tuned" to the 
appropriate peak wavelength. For example, a threesome of two layer detector structures 
can be used to detect six different spectral bands by "tuning" each of the quantum well 
layers in the three different vertically stacked structures to different peak wavelengths. 
Thus, in such an embodiment, three two layer detector structures can be used in tandem to 
simultaneously detect six different spectral bands. 

As one skilled in the art will recognize, a plurality of the vertically stacked 
detector structures described in the exemplary embodiments above can be formed across 
an etch stop layer to provide a detector structure array. This array will serve as a focal 
plane for optics of an IR imaging system. Such optics are conventionally known in the art 
and are not described here. 

One skilled in the art will additionally recognize that the detector and ROIC can be 
fabricated as integral structures in the focal plane array. Using this fabrication technique, 
the detector and read out circuitry can be fabricated as a unitary structure, thus removing 
the need for aligning the detector array structure and the ROIC array structure so as to 
connect each ROIC, via conductive bumps, with its associated detector across the array. 

It will be appreciated by those skilled in the art that the present invention can be 
embodied in other specific forms without departing from the spirit or essential 
characteristics thereof. The presently disclosed embodiments are therefore considered in 
all respects to be illustrative and not restricted. The scope of the invention is indicated by 
the appended claims rather than the foregoing description and all changes that come 
within the meaning and range and equivalence thereof are intended to be embraced 
therein. 



